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Abstract 

Glycyrrhetinic acid (GA) is a bio-effective component of Licorice. The GA is a monomer and the ingredient is an 
Oleanane-type pentacyclic triterpenes that has been used as a remedy for years. Due to the abuse of antibiotics, 
people pay attention to the emergence of Multidrug-resistant Acinetobacter baumannii (MDR-AB). As a conditional 
pathogen, MDR-AB causes severe infection, endangering human lives. Our previous studies found GA played an 
important role in Yinhua Pinggan, a Chinese medicine. However, whether GA could protect lung epithelium from 
MDR-AB-induced cell injury was elusive. Herein, we investigated the effects of GA on MDR-AB-infected A549 cells. The 
results showed GA had slightly antibacterial activity to MDR-AB in the GA (high concentration) but no impact on drug 
resistance genes. Notwithstanding, GA could reverse MDR-AB-induced cell apoptosis, hampered adhesion and inva-
sion of MDR-AB to cells, and inhibit pro-inflammatory cytokines expression of IL-1β, IL-6, and TNF. Besides, MDR-AB-
induced reactive oxygen species, pro-oxidative protein malonaldehyde, and myeloperoxidase of cells were decreased 
by GA, while antioxidative proteins were recovered, showing antioxidative capacity of GA might play a critical role. 
The expressions of toll-like receptor (TLRs) - 1, 2, 4, 5, 6, and 9 were increased by MDR-AB infection, while GA reversed 
the tendency. Interestingly, GA inhibited MDR-AB induced myeloiddifferentiationfactor88 expression (MYD88), one 
downstream con-factors of TLRs, but no affection on Interferon regulatory Factor 3 (IRF3), the other one, indicating 
GA inhibited MDR-AB induced cell injury by impact TLR/MYD88 pathway to attenuate inflammation. Altogether, our 
results demonstrated that GA protects against MDR-AB-induced cell injury through its antioxidative and anti-inflam-
matory properties, which deserve further study in the future.
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Introduction
Acinetobacter baumannii (AB) was one of the most 
important hospital pathogens due to the abuse of antibi-
otics [1]. AB could be parasitic on the skin, respiratory 
tract, genitourinary system and mucous membrane of 
hospital patients and then infection [2, 3]. It could cause 
a broad spectrum of infections, such as bloodstream 
urethral infections, ventilator-associated pneumonia, 
wounded skin, and soft tissue infections, resulting in high 
morbidity and mortality for humans [4, 5]. Among them, 
ventilator-associated pneumonia and blood infections 
were the severest infection with the most increased mor-
tality and were common susceptibility to patients with a 
poor medical condition or weakness [6–8].

Normally, the patients with AB infection were treated 
with antibiotics like imipenem, meropenem, and tigecy-
cline in the clinic [9, 10]. However, owing to the irrational 
use of antibiotics in recent years, the drug resistance of 
Multidrug-resistant Acinetobacter baumannii (MDR-AB) 
has been more serious [11]. It had been reported that the 
mechanism of antibiotic resistance in MDR-AB involved 
β-lactamase production, efflux pump overexpression, 
biofilm formation and membrane pore permeability, pro-
tein binding site changes and other mechanisms [12–14]. 
Commonly, the resistant strain isolated from the clinic 
owned more than one antibiotic resistance mechanism, 
which resulted in multiply resistant to various antibiotics 
[15]. Therefore, finding new therapeutic approaches to 
confront MDR-AB infection is necessary and inevitable.

Thanks to its antibacterial, antiviral, anti-inflammatory, 
and sedative effects, Licorice has been a medicine for 
many years [16–19]. Glycyrrhetinic acid (GA) was the 
main effective component of Licorice [20]. GA has vari-
ous pharmacological activities, including antibacterial, 
anti-inflammatory, antiviral, and other effects, and treat-
ing inflammatory diseases caused by microbial infec-
tion [21–23]. For instance, GA had anti-inflammatory 
effects on radiation-induced skin damage by inhibiting 
the activation of p38 mitogen activated protein kinase 
(p38MAPK) and nuclear factor kappa-B (NF-κB) sign-
aling pathways, as well as the DNA-binding activity of 
P65 and activating protein-1 (AP-1), thereby inhibiting 
the production of pro-inflammatory cytokines [24]. GA 
could activate the Nuclear Factor erythroid 2-Related 
Factor 2 (Nrf2) antioxidant pathway in HepG2 cells and 
increase the expression of its target genes, which may be 
partly related to their protective role in TP-induced oxi-
dative stress [25]. In addition, GA showed bactericidal 
activity against MRSA at sub-lethal doses by inhibiting 
virulence gene expression of S. aureus in vitro and in vivo 
[26]. GA was one of the putative additives of Traditional 
Chinese medicine (TCM) compounds, including Yinhua 
Pinggan Keli, Ephedra decoction, and Lianhua Qingwen, 

to treat respiratory infections such as influenza andpneu-
monia [27–29]. However, little was known about whether 
GA had antibacterial or protective effects during MDR-
AB infection and induced cell injury.

Given all that, this study aimed to elucidate the effects 
of GA on MDR-AB infection in vitro. Initially, we firstly 
evaluated the antibacterial effects of GA against clinical 
MDR-AB strains directly. Then, we analyzed the pro-
tective effects of GA on MDR-AB-induced cell injury. 
Finally, the molecular mechanism of GA effects was 
investigated based on its anti-inflammatory and antioxi-
dant properties.

Materials and methods
Reagents and materials
GA was provided by Chengdu Alpha Biotechnology Co., 
LTD with High-performance liquid chromatography 
≥98%. The lung epithelial cell line A549 was purchased 
from the National Collection of Authenticated Cell Cul-
tures. The reverse transcription kit and SYBR PreMix Ex 
Taq™II kit were supplied by Toyo Spinning (Shanghai, 
China). Tumor necrosis factor-α (TNF), Interleukin 6 
(IL-6), interleukin 1-β (IL-1β) Enzyme-linked Immuno-
sorbent Assay kit was purchased from Jiangsu Enzyme-
labeled Biotechnology Co., LTD. The primer sequences 
were synthesized by Sangon Bioengineering (Shanghai) 
Co., LTD. Biyuntian Biotechnology Co., Ltd. provides 
reactive oxygen species (ROS) kit.

The characteristics of MDR‑AB
MDR-AB strain was isolated from the clinic. In order to 
detect the antibacterial activity of GA and antibiotics, 
we tested the Minimum Inhibitory Concentration (MIC) 
of antibiotics and GA. The MICs were determined by 
using the micro-dilution method. Briefly, MDR-AB was 
inoculated in LB liquid medium with or without indi-
cated concentrations of Cefotaxime, Meropenem (MER), 
Cefalexin, Polymyxin B, and GA, then cultured at 37 °C 
for 24 h. After 24 h of culture, 100 ul of the bacterial solu-
tion was added to the 96-well plate, we measured the the 
optical density (OD) value to detect the bacterial con-
centration to determine the bacterial proliferation after 
the addition of the drug and OD value of samples was 
detected by a standard enzyme instrument (Molecular 
Devices, USA) at 600 nm.

Cell culture
Due to high similarity and popular alternative for human 
primary pulmonary epithelial cells, A549 cells were 
selected in this study [30, 31]. Cells were seeded in a cell 
culture dish in F12K medium supplemented with 10% 
fetal bovine serum (FBS, Gibco, Poncho), with penicil-
lin 100 μg/mL and streptomycin 100 μg/mL (Beyotime, 
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Shanghai, China) and incubated at 37 °C in 5%  CO2 
and routinely digested with 0.25% pancreatic enzyme 
(containing ethylene diamine tetraacetic acid (EDTA) 
(Century, Hangzhou, China)). MOI was the ratio of the 
number of bacteria to the number of cells and could 
be used to indicate the number of bacteria added. The 
degree of cell damage can be detected by measuring the 
amount of lactate dehydrogenase (LDH) released, so 
the optimal multiplicity of infection (MOI) value was 
selected to establish a cell injury model with MDR-AB 
infection by LDH assay. In brief, the cell suspension was 
inoculated into the 24-well plate at a density of 1 ×  105 
cells/mL infected with MDR-AB (MOI 15, 30, 60, 90, or 
120) for 12 h. Afterward, the supernatant of each group 
was absorbed, centrifuged at 3000 RPM for 5 min, and 
120 μL supernatant was placed in a 96-well plate. Rea-
gents were added according to the instructions of LDH 
kit (Beyotime, Shanghai, China) and put at room tem-
perature under dark conditions for 30 min, OD values at 
490 nm were measured by standard enzyme instrument.

Cytotoxicity of GA on A549 cells
Cells were inoculated into each well of the 96-well plate 
at 1 ×  105 cells/mL. Different concentrations of GA were 
added and cultured at 37 °C in 5%  CO2 for 24 h. After-
ward, the supernatant was replaced with containing 10% 
Cell Counting Kit-8 (CCK-8 (Beijing Zoman Biotechnol-
ogy Co., Ltd., Beijing, China)) fresh cell culture medium 
in each well. After 2 h incubation at 37 °C, the OD value 
of stimulated luminescence was detected by enzyme 
standard instrument at 450 nm. Cell viability was deter-
mined as follow: Cell viability(%) = [A (experiment) -A 
(blank)]/ [A (control) -A (blank)] × 100%.

The protective effects of GA on MDR‑AB infected cells were 
assayed
A549 cells were cultured in an F12K medium and used as 
a model for MDR-AB infection. At least 1 ×  105 cells/mL 
A549 cells were cultured in 24-well culture plates before 
infection. The cells were divided into a control group, 
MDR-AB group (8 μg/mL), high concentration GA group 
(25 μmol/L), low concentration GA group (5 μmol/L). In 
addition to these groups, high concentration GA com-
bined with MER group and low concentration GA com-
bined with MER group were set up to study whether 
GA administration would affect the efficacy of MER. All 
groups, except for the control group, were incubated with 
or without MDR-AB (MOI 60) for 12 h, and cell injury 
rate was assayed with LDH experiments.

A549 cells were treated with the above-mention 
method and analyzed with the apoptotic kit (BD, USA) to 
investigate the effects of GA on MDR-AB-induced apop-
tosis. In brief, the supernatant was collected into a 15 mL 

centrifuge tube, the cells were washed with 1 mL PBS, 
and the washing liquid was added into the 15 mL cen-
trifuge tube. The cells were digested and collected into a 
15 mL centrifuge tube and centrifuged for 5 min. Discard 
the supernatant and re-suspend with PBS, centrifuged for 
5 min. After washing with PBS, cells were re-suspended 
in 1X binding buffer. 2.5 μL of AnnexinV-FITC and 5 μL 
PI were added to 500 μL cell suspension and incubated 
for 15 min at room temperature in the dark. Finally, the 
samples were analyzed with a flow cytometer (CytoFLEX, 
USA).

To further evaluate the effects of GA on cell morphol-
ogy with MDR-AB infection, we fixed the cells with 500 
uL of 4% paraformaldehyde in a 6-well plate and were 
observed under an inverted microscope. The protective 
effect of GA on MDR-AB infected A549 cells was stud-
ied by observing the number and status of cells under 
inverted microscope.

Bacterial adherence & invasion assay
A549 cells were treated as shown in 2.5, and after incu-
bation for 12 h, non-adhered bacteria were removed by 
washing with PBS 3 times in the adhesion experiment. 
Cells were permeated by adding 250 μL 0.1% (V/V) Tri-
ton X-100, and cell lysates were collected. 100 μL 10-fold 
series diluents of cell lysates were prepared with PBS and 
incubated in LB agar plates for 24 h. Adhesion rate is 
expressed as the percentage of adherent bacteria relative 
to the number of all bacteria used in the experiment.

As to the invasion experiment, the cells were treated 
as above said, and after washing with PBS 3 times, 2 mL 
F12K medium containing polymyxin B was added to 
each well and incubated at 37 °C for 2 h to kill MDR-AB 
that did not invade into the cells. The invasion rate is 
expressed as the number of invasive bacteria relative to 
the total number of bacteria used in the experiment. We 
washed the cells with PBS three times, and the following 
steps were the same as the adhesion experiment.

Enzyme‑linked immunosorbent assay (ELISA)
The cell supernatant in each group was collected, and the 
contents of Interleukin-1β (IL-1β), Interleukin-6 (IL-6), 
and Tumor Necrosis Factor-α (TNF) in the cell superna-
tant of each group were detected by ELISA kit. The mini-
mum concentration of IL-1β and TNF was 2.5 pg/mL. 
The minimum concentration of IL-6 was 1.5 pg/mL. The 
specific steps were strictly following the instructions of 
the ELISA kit.

Quantitative reverse‑transcription polymerase chain 
reaction (qRT‑PCR)
Total RNA was extracted using the Trizol kit after grinding. 
The purity and concentration of RNA were detected using 
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a micronuclei acid analyzer. RNA was reverse transcribed 
into cDNA using a Rever Tra Ace® qPCR RT Kit (Toyobo, 
Japan). The reaction system was prepared according to the 
instructions of the SYBR® Green Realtime PCR Master Mix 
(Toyobo, Japan). PCR amplification was performed, and 
each sample was repeated three times. Relative expression 
was calculated using the  2-△△Ct method. Primer sequences 
are listed in Supplementary Table 1.

Effects of GA on reactive oxygen species in infected 
MDR‑AB
DCFH fluorescence assay measured the level of intracellu-
lar reactive oxygen species [32]. Cells were treated as shown 
in 2.5, then washed with PBS three times and added serum-
free medium containing ROS probe for 20 min. Afterward, 

cells were washed with serum-free medium three times, and 
the results were performed with the flow cytometer. DCFH-
DA can freely penetrate cell membranes.

Statistical analysis
Statistical data analysis was performed using Prism 5.0 
as means±standard error of the mean (SEM). The data 
represented three repeated experiments. The statisti-
cally significant differences were analyzed by the one-way 
ANOVA method. P < 0.05 is significant.

Results
Effects of GA on MDR‑AB
Firstly, the selected MDR-AB strain was analyzed by drug 
sensitivity test. As shown in Fig.  1A-D, MIC values of 

Fig. 1 The study on drug resistance of MDR-AB strain. Polymyxins B (A), MER (B), Cefalexin (C), Cefotaxime (D), and different concentrations of 
GA (E) were incubated with MDR-AB for 24 h, respectively, and OD values were measured by microplate meter. The expression of Bfm (F), VIM (G), 
blaOXA-51 (H), Aded (I), and Adej (J) were detected by RT-PCR after GA and MDR-AB were co-cultured for 24 h.*P < 0.05 vs. control group; **P < 0.01 vs. 
control group
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cefotaxime and cefalexin were both greater than 512 μg/
mL, MIC of MER were greater than 32 μg/mL, and MIC 
of polymyxins B were both less than 2 μg/mL, indicat-
ing that the MDR-AB screened by us was carbapenems 
resistant bacteria following the standards of the Clini-
cal and Laboratory Standards Institute (CLSI) 2021-
M100. As the maximum dissolved concentration of GA 
in LB medium was at 1024 μmol/L, it had only a certain 
antibacterial effect (Fig.  1E). To elucidate the impact 
of GA resistance genes, we further studied the expres-
sion of related genes by RT-PCR. The results showed 
that the expressions of VIM, blaOXA-5, Aded, and Adej 
were not significantly down-regulated at 25 μmol/L and 
512 μmol/L of GA compared with the control group, but 
the expression of Bfm was significantly down-regulated 
at 512 μmol/L of GA (Fig.  1F-J). Together, these results 
showed GA has a partial bacteriostatic effect on MDR-
AB, but the direct impact of GA on MDR-AB was not 
observed on other resistant genes, except Bfm, in the GA 
(high concentration).

Effects of GA on cytotoxicity of A549 cells
A549 cells were treated with different concentrations 
of GA for 24 h, and the survival rate of A549 cells was 
detected by CCK-8 assay. There was no significant dif-
ference in cell survival rate in groups of 10 μmol/L, 
15 μmol/L, and 25 μmol/L, but it significantly decreased 
in groups of 40 μmol/ L and 50 μmol/L (Fig.  2A) com-
pared with the control group. Therefore, 25 μmol/L of 
GA was the maximum innocuous concentration for drug 
administration. Thus, we used 5 μmol/L of GA as the low 
concentration and 25 μmol/L of GA as the high concen-
tration in the following study.

Effects of GA on cell viability of MDR‑AB induced A549 cell 
injury
The best MOI of MDR-AB to induce inflammatory 
response was firstly selected. The MDR-AB of MOI 15, 
30, 60, 90, and 120 were used to stimulate A549 cells for 
12 h, respectively. LDH results showed that the cell sur-
vival rate in the MOI 30, 60, 90 and 120 group was sig-
nificantly reduced compared with that of the control 
group (Fig.  2B). In the literature, the bacterial concen-
tration with a fatality rate of 50% was generally selected 
as the experimental concentration [33, 34].. Therefore, 
we selected MOI 60 for subsequent experiments. Then, 

the GA (high concentration), GA (low concentration), 
and GA + MER were used to interfere with MDR-AB-
infected A549 cells for 12 h. As shown in Fig. 2C, the cell 
viability of A549 cells in group MDR-AB was significantly 
decreased, but the GA with or without MER reversed it, 
particularly in the GA (high concentration) compared 
with the control group. Besides, the cell morphology 
was observed under an inverted microscope. As shown 
in Fig. 2D, the number of living cells was decreased, and 
apoptosis was observed during MDR-AB infection. The 
apoptotic cells were significantly reduced after adding 
GA. Although there was no difference between MER and 
MDR-AB, the combination of MER and GA also reversed 
MDR-AB-induced apoptosis (Fig. 2D). These results indi-
cated that GA and MER had a protective effect on MDR-
AB-induced cell injury.

The apoptotic rate of A549 cells in the MDR-AB group 
was significantly higher than that of the control group. 
But the cell viability in the GA group and GA + MER 
group increased considerably, particularly in the GA 
(high concentration) + MER group (Fig. 2E and F) com-
pared with the MDR-AB group. To further assay the 
apoptosis, Annexin V/PI was used to determine the effect 
of GA on MDR-AB-induced apoptosis. In addition, RT-
PCR was performed to detect the mRNA expression lev-
els of apoptotic protein Bax and anti-apoptotic protein 
Bcl-2, and as shown in Fig. 2G-I, the expression of Bax in 
the MDR-AB group was increased, while the expression 
of Bcl-2 was decreased compared with the control group. 
However, Bax expression in both the GA and GA+ MER 
groups decreased, while Bcl-2 was increased compared 
with the MDR-AB group. These results suggested GA 
had a protective effect on MDR-AB-involved apoptosis 
and synergetic function with MER.

Effects of GA on adhesion and invasion of MDR‑AB
Next, we analyzed the effects of GA or MER combined 
with GA on the adhesion and invasion of MDR-AB by 
plate counting. The numbers of adhered (Fig. 3A and C) 
or invaded (Fig.  3B and D) bacteria in the MER group 
have no obvious differences, but the various concen-
trations of the GA and MER groups were significantly 
reduced, respectively, particular in the GA + MER group 
compared with group MDR-AB. Our result demon-
strated that GA could dramatically inhibit the invasion 
and adhesion of MDR-AB to A549 cells, and it also had a 
synergistic effect with MER.

Fig. 2 The effects of GA on MDR-AB infected cell injury. Different concentrations of GA were added into A549 cells, and cytotoxicity was detected 
by CCK8 assay (A). Various concentrations of MDR-AB were added to A549 cells, and cytotoxicity was measured by LDH (B). The effect of GA on the 
cell viability of MDR-AB-infected A549 cells was measured by LDH (C). Cell morphology was observed after MDR-AB invasion for 12 h by inverted 
microscope (D). Apoptosis was detected by flow cytometry (E, F), and the mRNA expression level of Bcl-2 and Bax was detected by RT-PCR (G-I). 
*P < 0.05 vs. MDR-AB group; **P < 0.01 vs. MDR-AB group; #P < 0.05 vs. control group; ##P < 0.01 vs. control group

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Effects of GA on MDR‑AB induced inflammatory cytokine 
secretion
To analyze the effects of GA on MDR-AB-induced pro-
inflammatory cytokines. As shown in Fig. 4A-C, the con-
tents of TNF, IL-1β, and IL-6 in the group of MDR-AB 
were significantly increased compared with that of the 
control group, while these cytokines in the GA (high 
concentration), GA (low concentration) and GA + MER 
group were significantly decreased compared with that of 
MDR-AB the group. To further investigate the effects of 
GA on MDR-AB-induced inflammation, we used an RT-
PCR assay to detect the mRNA expression level of these 
proteins, and the results are similar to the ELISA assay 
(Fig. 4D-F).

Given the anti-inflammatory effect of GA, we further 
explored its signaling pathway. TLRs receptors were one 
of the most important pro-inflammatory pathways [35]. 
Thus, the TLRs related genes such as TLR-1, TLR-2, TLR-
4, TLR-5, TLR-6, and TLR-9 were detected by RT-PCR 

assay in this study. As shown in Fig.  4G-L, the mRNA 
expression of inflammatory factors in group MDR-AB 
was significantly increased compared with the con-
trol group. After GA treatment, the expression levels of 
TLR-1, TLR-2, TLR-4, TLR-6, and TLR-9 were decreased 
considerably, but the expression levels of TLR-5 show no 
difference compared with the MDR-AB group. Then, we 
detected the mRNA levels of MYD88 and IRF3 and found 
that MYD88 expression decreased significantly after GA 
treatment, while IRF3 did not decrease significantly com-
pared with the MDR-AB group (Fig.  4M and N). These 
results noted that GA inhibited inflammation by inhib-
iting the expression of TLR/MYD88/NF-κB, thereby 
reducing cell apoptosis.

Effects of GA on MDR‑AB‑induced ROS
We measured ROS concentration using flow cytometry 
to investigate whether GA can affect ROS expression 
induced by MDR-AB infection. The ROS expression in 

Fig. 3 Effects of GA on adhesion and invasion of MDR-AB infecting cells. MDR-AB infecting Cell was cultured with or without GA and/or MER for 
12 h, and the supernatant of each group of cells was discarded and washed with PBS three times. The culture medium was discarded, and the 
cells were lysed. The lysate was diluted and incubated on LB solid medium for counting adhered (A, C) and invaded bacterially (B, D). *P < 0.05 vs. 
MDR-AB group; *P < 0.05 vs. MDR-AB group; **P < 0.01 vs. MDR-AB group: #P < 0.05 vs. control group; ##P < 0.01 vs. control group
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Fig. 4 Effect of GA on MDR-AB infected inflammation of A549 cells. The contents of IL-1β (A), IL-6 (B), and TNF (C) in the supernatant was 
determined by ELISA after 12 h culture. After 12 h of culture, the supernatant was discarded, and cells were collected. The mRNA expression levels 
of TNF (D), IL-1β (E), IL-6 (F), TLR-1 (G), TLR-2 (H), TLR-4 (I), TLR-5 (J), TLR-6 (K), TLR-9 (L), IRF3 (M) and MYD88 (N) were detected by RT-PCR. *P < 0.05 vs. 
MDR-AB group; **P < 0.01 vs. MDR-AB group: #P < 0.05 vs. control group; ##P < 0.01 vs. control group
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the MDR-AB group was significantly increased com-
pared with the control group. The content of ROS in the 
groups of the GA (high concentration) and GA (low con-
centration), and GA + MER were significantly decreased 
(Fig.  5A and B) compared with the group of MDR-AB. 
We detected the expression of antioxidant-related pro-
teins through PCR experiments and found that after 
MDR-AB infected A549 cells, the expression levels of 
MDA and MPO increased, while the expression levels 
of SOD decreased. After GA treatment, the expression 
levels of MDA and MPO decreased, and the expression 

level of SOD increased (Fig.  5C-E) compared with the 
MDR-AB group. In conclusion, GA can regulate ROS lev-
els, reduce the expression level of MDA and MPO, and 
improve the expression level of SOD, which might play an 
antioxidant role during the MDR-AB infection.

Discussion
This study found that GA had a partial bacteriostatic 
effect on MDR-AB directly, but RT-PCR showed that GA 
had no significant impact on MDR-AB drug resistance 
genes. Furthermore, we reported the protective effect 

Fig. 5 Effects of GA on MDR-AB induced ROS expression of A549 cell. After 12 h of culture, the cells were labeled with DCFH-DA, and the  ROS+ 
cell percentages were detected by flow cytometry (A, B). The mRNA expression of MDA (C), SOD (D), and MPO (E) were detected by RT-PCR assay. 
*P < 0.05 vs. MDR-AB group; **P < 0.01 vs. MDR-AB group: #P < 0.05 vs. control group; ##P < 0.01 vs. control group
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of GA on MDR-AB-induced cell damage. The apoptosis 
and oxidative damage induced by MDR-AB were reduced 
in the presence of GA. We found that GA could inhibit 
the adhesion and invasion ability of MDR-AB to cells. In 
addition, Its anti-inflammatory effects were confirmed by 
inhibiting TLRs/MYD88 signaling pathway while its anti-
oxidative effects were elucidated by reducing MDR-AB 
induced ROS expression.

Previous data indicated that the ability of bacteria to 
invade cells was an effective external expression of viru-
lence [36]. Some studies suggested GA could inhibit 
the growth of Staphylococcus aureus in  vitro in a dose-
dependent bactericidal effect [37, 38]. Moreover, GA 
could hinder the formation of MDR-AB biofilm and 
affect the overall structure of biofilm [39]. In this study, 
we found GA could inhibit the proliferation of MDR-AB 
but had no effect on drug resistance genes.

After bacterial infection, the host could respond to 
pathogen infection in various ways, such as inducing 
inflammatory response and activating apoptosis-related 
signaling pathways [40]. Studies have shown that AB 
infection led to changes in the growth state of lung epi-
thelial cells and enhanced programmed cell death [41]. 
Polyvinylpyrrolidone-capped silver nanoparticles could 
play a protective role by reducing AB-induced cell death 
and decreasing the intracellular activity of AB [42]. In 
addition, GA could reduce cell death and play a protec-
tive role in the co-culture of staphylococcus aureus and 
A549 cells [38]. In this study, we found that as long as 
MDR-AB infected A549 cells, cell viability would be 
decreased, cell morphology would change, and the num-
ber of apoptosis increase. However, after GA treatment, 
cell viability was significantly increased, and the number 
of apoptosis was decreased. These results suggested that 

Fig. 6 The mechanic diagram of GA to protect against MDR-AB-induced cell injury. On the one hand, MDR-AB activates MYD88 by binding 
TLR-1, 2,4,6, and intracellular TLR-9 receptors. MYD88 activates NF-κB, and the latter trans-locates into the nucleus, resulting in the expression of 
inflammatory factors. On the other hand, MDR-AB can invade cells, resulting in intracellular ROS expression. Thus, excessive inflammatory cytokines 
and ROS accumulation eventually lead to apoptosis, while GA can reverse the trend by inhibiting inflammation and oxidative stress
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GA had a protective effect on MDR-AB-infected A549 
cells. At the same time, we confirmed that GA can also 
reduce the adhesion and invasion ability of MDR-AB, and 
showed a protective effect.

Previous data proved that Rifampicin could achieve 
protective effects by reducing AB apoptosis, oxidative 
stress, and pro-inflammatory cytokine release [33]. As 
to bacteria-induced inflammation, GA could exert its 
anti-inflammatory activity by down-regulating NO, pro-
inflammatory cytokines, chemokines, and anti-inflam-
matory cytokines, and the anti-inflammatory mechanism 
may involve inhibition of NF-κB, mitogen-activated pro-
tein kinase (MAPKs) and phosphatidylinositol-3-kinases 
(PI3K) /protein kinase B (PKB) related inflammatory 
signaling pathways and Nrf2 / heme oxygenase 1 (HO-
1) signaling pathway activation [21]. In this study, we 
found that MDR-AB could activate the NF-κB signaling 
pathway by binding to TLRs receptors, and increased the 
expression of inflammatory cytokines IL-1β, IL-6 and 
TNF. But GA could inhibit NF-κB and MYD88 expres-
sion and decrease the expression of pro-inflammatory 
proteins. Excessive accumulation of intracellular ROS 
would also damage cell components, thereby happening 
apoptosis and other cell death processes. In our study, we 
found the expression mRNA level of SOD was decreased, 
and both MDA and MPO were increased amid MDR-AB 
infected A549 cells, while GA treatment could increase 
the expression mRNA level of SOD and decrease both 
MDA and MPO. Therefore, GA might play an antioxidant 
role and increase the expression of antioxidant proteins.

However, this study still had some limitations. Firstly, 
although GA could inhibit oxidative stress induced by 
MDR-AB, the mechanism of oxidation resistance in this 
study had not been further studied. Secondly, this study 
only conducted experiments on cell lines and needed 
to confirm these results with primary cells. Finally, this 
study was only carried out in vitro, and animal experi-
ments are required to be performed in the future.

Conclusion
In this study, we reported that GA had a protective effect 
on A549 cells from MDR-AB invasion at an appropri-
ate concentration. The GA protective effect was found 
to maybe through inhibition of the TLR/MYD88/NF-κB 
inflammatory pathway and reducing intracellular ROS 
expression, thereby reducing cell injury (Fig.  6). The 
results showed that GA could effectively reduce cell dam-
age caused by MDR-AB infection of A549 cells. These 
results expand the knowledge of the molecular events 
underlying the protective action of GA in the context of 
pneumonia and provide new ideas and methods for the 
subsequent clinical treatment of diseases due to MDR-
AB infection.
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